ABSTRACT: Heterosigma carterae (formerly Heterosigma akashiwo) is a flagellated marine phytoplankter which can be toxic to many finfish, including salmonids. We have determined that, when toxic to juvenile rainbow trout Oncorhynchus mykiss, H carterae produces high concentrations of superoxide and hydroxyl radicals as well as hydrogen peroxide. If superoxide dismutase (dismutates superoxide radical to hydrogen peroxide) and/or catalase (catalyzes the formation of water from hydrogen peroxide) are added to a toxic culture of H. carterae, it becomes markedly less toxic to juvenile rainbow trout. We propose that the toxicity of H. carterae to the salmonid 0. mykiss is due to the formation of toxic concentrations of superoxide and hydroxyl radicals and hydrogen peroxide.
INTRODUCTION
Toxic phytoplankters are a major problem in the culture of marine finfishes since they can cause mass mortalities. Heterosigma carterae [formerly Heterosigma akashiwo (Taylor, 1992) l is such a toxic phytoplankter.
This organism has caused kills of cultured finfish in Japan, New Zealand and the west coast of North America (Gowew1987, Boustead et al. 1989 , Chang 1990 . For example, losses of farmed salmon to H. carterae in coastal marine waters of Washington State (USA) from 1986 to 1990 have been estimated to be in excess of US $11 million. Since 1986, major farmed salmon kills due to H. carterae have also been recorded in coastal British Colun~bia (Canada). In 1989, for example, losses in the salmon farming industry in British Columbia's Agamemnon Channel alone were C $4.2 million (Black et al. 1991) .
The mode of action by which Heterosigma carterae kills finfish has been difficult to determine. Chang (1990) noted that moribund chinook salmon in the presence of toxic H. carterae had severe acute exudative and degenerative changes to the gill tissue. He suggested that edematous gill lamellae were caused by local impairment of osmoregulation, which in turn induced death due to oxygen deficiency. However, the observations of Oda et al. (1992a, b) have been a useful guide in determining the toxic mode of action of Heterosig~na carterae. These authors have shown that the toxic phytoplankter Chattonella marina produces superoxide and hydroxyl radicals as well as hydrogen peroxide. They also found that superoxide dismutase (SOD) and/or catalase additions to a C. manna culture, in which bacteria were suspended, could protect these bacteria against the toxic action of this phytoplankter.
Since Heterosigma carterae is a raphidophycean as is Chattonella marina and therefore taxonomically closely related to C. marina, we hypothesized that the toxic mode of action of the former may be similar to this latter one. This study was therefore undertaken to examine the generation of reactive oxygen intermediates of superoxide and hydroxyl radicals as well as hydrogen peroxide by H. carterae and to study the effects of these oxygen species on viability of juvenile rainbow trout Oncorhynchus mykiss. Columbia. The culture was unialgal, but not axenic.
MATERIALS AND METHODS

Culture
Culture technique. Heterosigma carterae was cultured in 7 l boiling flasks at 20°C using 6 1 of Harrison's medium (Harrison et al. 1980) at an initial pH of 8.2. Each culture was aerated and illuminated using 1000 lx of continuous illumination. The cell concentrations in each culture were determined using the Utermohl technique (Utermohl 1958) . Under these conditions, a toxic culture of H. carterae was obtained within 7 d following the inoculation of 3 1 of fresh medium with 3 1 of a 7 d old culture. Effects of different pre-treatments on production of superoxide radical. The effects of different pretreatments on release of superoxide radicals by Heterosigma carterae were determined spectrophotometncally on the basis of their reduction of cytochrome c (Shimada et al. 1989) . Following incubation of H. carterae in Harrison's medium for 6 d, the reducing ability of these cells was measured as follows. Firstly. 3 m1 of the culture was transferred into each of 7 quartz cuvettes, each of which contained 100 pg ml-' of cytochrome c (type 111 from horse heart; Sigma). Reduction of cytochrome c was measured as an increase in absorbance at 550 to 540 nm. This was the unshaken culture. Secondly, 7 cuvettes, each of which contained 3 m1 of the culture and 100 pg ml-' of cytochrome c , were vigorously shaken 20 times by hand to give absorbances following shaking. Thirdly, 7 cuvettes, each of which contained 3 m1 of the culture and 100 pg ml-' of cytochromec, were sonicated for 7 S at the maximum power setting using a sonicator (Fisher, model 300) to give absorbances following cell destruction. After addition of cytochrome c , the absorbances of the material in all cuvettes were immediately read in the spectrophotometer against a blank containing 100 pg ml-' of cytochrome c in Harrison's medium. The concentration of H. carterae used in this experiment was 4.1 X 104 cells ml-l.
SOD-inhibition of cytochrome c reduction using different pre-treatments. The experimental protocol was identical to that described above, except that SOD (100 U rn-'; Sigma) was added to a n additional set of reaction mixtures. To determine the amount of superoxide produced under different pre-treatment conditions, SOD was added before the administration of cytochrome c .
Effects of different concentrations of Heterosigma carterae on production of superoxide radical. Following the addition of 100 pg ml-' of cytochrome c to various concentrations (1.25 X 104, 1.94 X 104, 2.58 X 104, 3.23 X 104 and 3.88 X 104 cells ml-') of H. carterae suspension in Harrison's medium, each reaction mixture was incubated at 20°C for 30 min in the presence or absence of 100 U SOD ml-', and the absorbance determined (see above). The absorbance reading was converted to nmol cytochrome c reduced by using a molar absorption coefficient of 19.1 X 103 nmol-l.
Effects of different incubation times on production of superoxide radical. Following the addition of 100 pg ml-l of cytochrome c to various concentrations (0.5 x 104, 2 X 104, 2 . 5~ 104, 3 . 3~ 104 and 4 X 104 cells ml-') of Heterosigma carterae suspension in Harrison's medium, each reaction mixture was incubated at 20°C for 0.5, 2, 4, 8, 12 and 24 h in the presence or absence of 100 U SOD ml-' and the absorbance determined.
Detection of SOD activity in Harrison's medium. The oxidation of epinephrine to adrenochrome by xanthine oxidase is mediated by superoxide radicals. This reaction is inhibited by SOD. Reactions were performed at 20°C in 3 m1 of Harrison's medium. Each cuvette contained 2 X 10-4 M epinephrine (Sigma), 1 X 10-4 M xanthine (Sigma) and 1 X 10-a M xanthine oxidase (Sigma). SOD concentrations used to inhibit the reaction were 32 and 133 ng ml-l.
Determination of hydrogen peroxide concentrations. Release of H 2 0 2 from Heterosigma carterae was measured quantitatively by the horseradish-peroxidase-dependent oxidation of scopoletin (Nathan & Root 1977) . Briefly, after addition of 1 pg scopoletin and 20 U ml-' horseradish peroxidase to various concentrations of H. carterae suspension in Harnson's medium, each reaction mixture was incubated at 20°C in the presence or absence of 500 U ml-' catalase (Sigma). Decrease in fluorescence intensity was measured using a fluorescence spectrophotometer at an excitation wavelength of 350 nm and an emission wavelength of 460 nm and was calibrated for concentration of H202 by using a standard curve of diluted H202 in cell-free Harrison's medium. Under these assay conditions, loss of fluorescence was proportional to the concentration of H202 Release of H202 was expressed as nmol per 30 min per 104 cells.
Determination of hydroxyl radicals. The generation of hydroxyl radicals in Heterosigma carterae suspension was measured by electron spin resonance (ESR) trapping. Janzen et al. (1978) reported that hydroxyl radical reacts with a spin trap, 5,5-dimethyl-l-pyrroline-N-oxide (DMPO, Sigma), to yield a DMPO-OH signal (aN = aH = 1.48 mT). A mixture of algal suspension (4.3 x 104 cells ml-l) and diethylenetriaminepen- Bioassay for protection of yearling rainbow trout from toxic Heterosigma carterae cells b y catalase or catalase plus SOD. Domestic rainbow trout of 5 to 10 g weight were taken to the Simon Fraser University aquatic facility and cultured in fresh water at 12°C for 1 mo prior to use, such that they became acclimated.
Expt I: Five fish were placed in each of five 2 1 Erlenmeyer flasks. Flask 1 contained 1.5 1 of aerated Harrison's medium; flask 2 contained 1.5 1 of aerated toxic Heterosigma carterae culture in Harrison's medium; flask 3 contained 1.5 1 of aerated toxic Heterosigrna carterae culture in Harrison's medium to which 1000 U ml-' of catalase was added. Flask 4 contained 1.5 1 of aerated sea water (salinity 26%0) and flask 5 contained 1.5 1 of aerated 30-min-sonicated toxic H. carterae culture in Harrison's medium. The incubation temperature of all flasks was 19°C. The experiment was stopped after 6 h. This experiment was repeated 3 times. The data from all 3 experiments are presented as means 5 SEM.
Expt 2: Five fish were placed in each of five 2 1 Erlenmeyer flasks. The contents of flasks 1 to 3 were as described above. Flask 4 contained 1.5 l of aerated toxic Heterosigma carterae culture in Harrison's medium into which 500 U ml-' of catalase and 100 U ml-' of SOD were added and flask 5 contained 1.5 1 of aerated sea water. The incubation temperature of all flasks was 19°C. The experiment was stopped after 7 h. est rate of release of ' 0 2 -occurred with the unshaken culture. When H. carterae was shaken, the culture showed approximately twice the .02-release rate as compared to the unshaken one (p 0.001). The sonicated culture showed approximately 3 times the rate of '02-release as compared to the unshaken one (p < 0.001) ( Table 1) .
Rates of SOD-inhibitable cytochrome c reduction under different pre-treatment situations. To ascertain that the reduction of cytochrome c was mainly due to superoxide radicals, SOD was added to the culture. Table 1 shows that approximately 35, 55 and 64 % of the cytochrome c reduction caused by the unshaken, shaken and sonicated cultures, respectively, was due to superoxide when 100 U ml-' SOD was added.
Effects of different concentrations of Heterosigma carterae culture on production of superoxide radical: The effect of cell density on the rate of . 0 2 -release is shown in Fig. 1 . As expected, a higher cell density resulted in greater '02-release. The reduction of cytochrome c at a concentration of 3.88 X 104 ml-' H. carterae cells was 6.02 nmol; this decreased to 2 , . , . , . , . , .
oxide production was almost entirely eliminated by the addition of 500 U ml-' catalase to the culture (Fig. 4) . Determination of hydroxyl radical. Fig. 5 shows that DMPO-OH adducts (hydroxyl radical) with a 4-lined, 1:2:2:1 ratal signal (aN = aH = 1.49 mT) were produced in the suspension of intact Heterosigma carterae.
Mortality. (Fig. 7) . However, only 20% of the fish H. carierae conc.: 2.5 X TO4 ml-I ence ( 0 ) or absence ( A ) of SOD died when exposed to the culture in which 1000 U ml-l catalase was added immediately prior to addition of fish. The mortalities of the fish exposed to the culture conmately 3 nmol per 3.88 X 104 ml-' H. carterae cells for taining 100 U ml-' and 500 U ml-' catalase were 30 min (Fig. 1) .
40%. The mortality of the fish in Harrison's medium Effects of incubation time on production of superwas 20%. No fish died in seawater (Fig. 7) . oxide radical. The effect of incubation time on the release of ' 0 2 -by Heterosigma carterae is shown in Density of H. carterae (X 104 cells ml-l) (Schiller et al. 1993) . Superoxide is such a radical spesurface-active agent phorbol myristate acetate (PMA), cies and therefore can directly damage biological which can disrupt the plasma membrane of microormaterials, for instance, by reacting with enzymes ganisms and mammalian cells (Slater 1972 , Johnston et (Fridovich 1983 . Other direct consequences may al. 1978). Activated macrophages produce ' 0 2 -and include damage to bronchiolar or alveolar cells, H202, which play a key role in killing bacteria (Babior endothelial cells, or fibroblasts of humans (Nakashima 1978) . Thus, the amount of '02-released by 104 H. et al. 1987) .
carterae cells is probably sufficient to damage primary
The superoxide radical can be converted in biologiand secondary lamellae cells of finfish. cal systems to a variety of potentially more damaging Oda et al. (1992b) have reported that the toxic phyradicals, for instance, the hydroxyl radical. Our results toplankter Chattonella marina produces superoxide ( Table 1, Figs. 1 & 2) show that toxic cultures of Hetradicals. They found that the reduction of cytochrome c erosigma carterae are able to produce superoxide radiby C, marina reached a plateau within 10 min. However, we found that the reduction of cytochrome c by Heterosigma carterae continued for a 24 h period. This may be because we used a greater concentration of cytochrome c .
Our results (Table 1) show that when disturbed, the culture of Heterosigma carterae increased its release of '02-. This probably mimics the situation when water containing cells of H. carterae passes over the secondary lamellae of finfish gills. The turbulence associated with the respiratory (Chang 1990) . subsequent events can be prevented. H 2 0 2 readily Hydrogen peroxide is not a free radical, but a toxic crosses cell membranes. Therefore, H202 may diffuse reactive oxygen metabolite (Schiller et al. 1993) . Our into epithelia1 gill cells, damaging them. Hydrogen results (Fig. 5) show that toxic cultures of Heterosigma peroxide production was almost entirely eliminated by carterae produce hydrogen peroxide. The amount of the addition of 500 U ml-' catalase (Fig. 4) carterae. Although '0,-and H 2 0 2 are toxic entities, Minutes much of their apparent toxicity is likely due to their interaction to produce the much more reactive Fig. 7 The cumulative mortalities of rainbow trout Oncor- 
